Introduction
Mitral annular calcification (MAC) is a chronic degenerative process that commonly affects the base of the mitral valve. Risk factors for its development include advanced age and female sex. 1, 2 The presence of MAC has been shown to predict future cardiovascular events. [3] [4] [5] [6] [7] Additionally, reports from the Multi-Ethnic Study of Atherosclerosis (MESA) and the Framingham Heart Study have shown that MAC independently predicts the development of atrial fibrillation (AF). 8, 9 However, it is yet to be established whether the risk of AF associated with MAC also depends on the rate at which it develops (e.g. progression). It is possible that MAC progression is a better tool to identify individuals who are high risk for AF development than MAC measurements from a single point in time. Therefore, we hypothesized that MAC progression is an independent predictor of AF, and the predictive ability associated with this phenomenon exceeds the simple presence of MAC. Accordingly, we explored this hypothesis in MESA.
and September 2002, a total of 6814 persons were recruited at 6 field centres (Baltimore, MD; Chicago, IL; Forsyth County, NC; Los Angeles, CA; New York, NY; and St. Paul, MN). Participants were required to be between 45 and 84 years of age and to have no clinical cardiovascular disease at baseline. All participants provided informed consent and the study protocol was approved by the institutional review boards at each participating institution. This study was a retrospective analysis of prospectively collected data to examine the relationship between MAC progression and AF development. For the purpose of this analysis, we included participants with MAC measurements at baseline (2000-02) and follow-up (either Exam 2: 2002-04 or Exam 3: 2004-05). Participants were excluded if clinically recognized AF was present before the follow-up MAC measurement, or if they were missing baseline characteristics or follow-up data.
Mitral annular calcium
Mitral annular calcium (MAC) was assessed by cardiac computed tomography (CT) using either cardiac-gated electron-beam CT or multidetector CT systems, depending on the study site. 11 All participants in MESA underwent two consecutive CT scans. The two scans were independently analysed by two analysts and MAC was defined by the presence of calcium (Agatston score > 0) on the mitral valve. The MAC score was computed using the phantom-adjusted Agatston method, 12 and the mean MAC value was recorded. Inter-observer (j-statistic, 0.90) and intra-observer (j-statistic, 0.93) agreement between different CT image analysts who measured MAC on the same cardiac CT image was excellent. 11, 13 Phantom-adjusted Agatston scores for baseline and follow-up measurements were used to compute the change in MAC per year. Participants who had >0 units of change/year were compared with those who had no change or reductions (< _0 units/year) in MAC values between CT scans. 14 
Participant characteristics

Statistical analysis
Baseline characteristics were compared by those with and without MAC progression. Categorical variables were reported as frequency and percentage while continuous variables were recorded as mean ± standard deviation (SD). Statistical significance for categorical variables was tested using the chi-square method and for continuous variables using the Student's t-test. Follow-up time was defined as the time between the second CT scan until a diagnosis of AF, death, loss to follow-up, or end of follow-up (31 December 2012). Cox regression was used to compute hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between MAC progression and AF. Kaplan-Meier estimates were used to compute cumulative incidence of AF by MAC progression and the differences in estimates were compared using the log-rank procedure. 15 Multivariable models were constructed with incremental adjustment as follows: Model 1 adjusted for age, sex, race/ethnicity, education, income, and baseline MAC; Model 2 adjusted for Model 1 covariates with the addition of systolic blood pressure, body mass index, diabetes, smoking, total cholesterol, high-density lipoprotein cholesterol, antihypertensive medications, lipid-lowering therapies, and aspirin. The proportional hazards assumption was not violated in our analysis. Additionally, we tested for multiplicative interactions using the likelihood ratio method by age (dichotomized at 65 years), sex, and race/ethnicity (white vs. non-white).
We also examined if the association between MAC progression and AF was dependent on baseline values by limiting the analysis to participants with baseline MAC (n = 495). To demonstrate that the association between MAC progression and AF possibly is stronger than MAC measured at one time period, we compared the magnitude of the association for MAC progression in persons who had baseline MAC (n = 495) and those who did not have baseline MAC (n = 5188) per 1-SD increase in MAC progression. Statistical significance for all comparisons and tests for interaction was defined as P < 0.05. SAS version 9.4 (Cary, NC) was used for all analyses.
Results
A total of 5683 participants (mean age 64 ± 10 years; 52% women; 40% whites; 27% blacks; 21% Hispanics; 12% Chinese-Americans) were included in the final analysis. A total of 547 (9.6%) participants had MAC progression between CT scans and 5136 (90.4%) did not have MAC progression. Baseline characteristics for participants by MAC progression are shown in Table 1 .
The mean time between CT scans for study participants was 2.4 ± 0.84 years. The mean change in MAC per year was 7.8 ± 95 units. Participants with baseline MAC (n = 495, 8.7%) were more likely to have MAC progression (n = 323, 65%) compared with participants without baseline MAC (n = 224, 4.3%) (P < 0.001).
Over a median follow-up of 8.6 years (25th, 75th percentile = 7.8, 9.6), a total of 533 (9.4%) incident AF cases were detected. A higher incidence (per 1000 person-years) of AF was observed in those with MAC (>0/year) progression (incidence rate = 28.9, 95% CI = 24.1-34.7) than those without MAC progression (incidence rate = 9.9, 95% CI = 8.9-10.8). The unadjusted cumulative incidence of AF among those with and without MAC progression is shown in Figure 1 (log-rank P < 0.001).
When we adjusted for age, sex, race/ethnicity, education, income, and baseline MAC, any MAC progression (>0/year) was associated Statistical significance for continuous data was tested using the Student's t-test and categorical data was tested using the chi-square test. with an increased risk for AF ( Table 2) . Similar results were obtained with further adjustment in Model 2 ( Table 2) . There was no evidence of multiplicative or additive interactions by age, sex, or race/ethnicity ( Figure 2) . After excluding participants who did not have baseline MAC, a trend was observed for the association between MAC progression and AF (HR = 1.49, 95% CI = 0.94-2.16; P = 0.092). When we examined the risk of AF associated with MAC progression per 1-SD increase among participants with baseline MAC, a trend for significance was observed for increases in MAC progression (HR = 1.13, 95% CI = 0.99- 1.27 ; P = 0.055). In contrast, MAC progression was not associated with AF risk among participants without baseline MAC (per 1-SD increase in MAC: HR = 0.99, 95% CI = 0.92-1.06; P = 0.76).
Discussion
In this analysis from MESA, we have demonstrated that the accumulation of higher levels of MAC over time is associated with an increased risk for AF development. Compared with participants who had no MAC progression, a 50% increase in AF risk was observed for those who had any progression, and this risk did not depend on the baseline level of MAC. Overall, our data suggest that important prognostic information regarding AF risk is obtained with follow-up MAC measurements.
Several reports have examined the predictive ability of MAC measurements in the prediction of AF events. Data from the racially and ethnically diverse population of MESA using cardiac CT have demonstrated that baseline MAC predicts incident AF. 8 Similar results were reported from Figure 2 Risk of atrial fibrillation with MAC progression by age, sex, and race*. *HRs presented are for any progression (>0/year). Estimates adjusted for age, sex, race/ethnicity, education, income, baseline MAC, systolic blood pressure, body mass index, diabetes, smoking, total cholesterol, high-density lipoprotein cholesterol, antihypertensive medications, lipid-lowering therapies, and aspirin. Estimates were not different by age (P-interaction = 0.81), sex (P-interaction = 0.41), or race/ethnicity (P-interaction = 0.77). CI, confidence interval; HR, hazard ratio; MAC, mitral annular calcium. the Framingham Heart Study in which MAC, detected by echocardiography, was associated with an increased AF risk. 9 The aforementioned studies examined the predictive ability of MAC from measurements at single time points, and although different modalities were used to measure MAC, both studies implicate MAC in the prediction of AF.
To our knowledge, our findings are the first to report that increases in MAC measurements over time are associated with an increased risk for AF. Our data also suggest that MAC progression plays an important role in the development of AF among persons who have detectable levels of MAC at a single point in time. This is supported by the fact that participants who had baseline MAC had a greater risk for AF development if MAC progression was observed. In contrast, participants with baseline MAC who did not have MAC progression had a lower risk of AF development. Although participants with baseline MAC were more likely to have MAC progression, these findings suggest that the risk of AF increases with further accumulation of MAC. Overall, the data presented in this report demonstrate that follow-up MAC measurements provide important prognostic information in the prediction of AF events, especially among persons who already have detectable MAC.
The pathophysiologic link between MAC and AF remains unclear. Several cardiovascular risk factors have been implicated in the development and progression of MAC (e.g. advanced age, hypertension, and diabetes).
1,2 Notably, many of these risk factors are well-known AF risk factors. 16, 17 Although MAC progression was associated with AF independent of these shared risk factors, it is possible that the accumulation of MAC reflects an unfavourable cardiovascular profile in which AF is likely to develop. This is supported by data that have demonstrated an association between MAC and left atrial enlargement, 9,18 a well-known risk factor for AF propagation. 19 Therefore, the severity of MAC, and rate of progression, possibly represent a surrogate marker for left atrial abnormalities in which the occurrence of AF is likely.
The findings of this analysis have important clinical implications. MAC has been shown to predict incident stroke, 20 and it is possible that AF is an intermediate event.
Additionally, patients with AF who have evidence of MAC have an increased risk of cardiovascular mortality. 3 Therefore, MAC not only predicts AF development but its presence confers an increased risk for adverse cardiovascular outcomes among those who already have the arrhythmia. Although the clinical utility of MAC measurements by cardiac CT to assess AF risk remains uncertain, the current study provides clinicians with important information, as they aim to implement strategies to prevent AF and to reduce the burden of adverse outcomes if AF is apparent. Furthermore, as the utilization of cardiac CT and other imaging modalities are incorporated into clinical practice, 21 the assessment of AF risk associated with MAC will be more widely available. Despite the potential clinical utility of MAC detection to identify persons in whom AF is likely to develop, further studies are needed before recommendations in clinical practice are made. Our results should be interpreted in the context of certain limitations. The progression of MAC was presumed to be linear based on 2 CT scans over an average of 2 years. However it is possible that MAC progression was not linear and the relationship between MAC progression and AF varies with different intervals. Participants with complete MAC measurements were included in our analysis and possibly this resulted in selection bias. Incident AF cases were ascertained from hospitalization discharge records and Medicare claims data using International Classification of Disease codes, which possibly resulted in misclassification. However, these codes have adequate positive predictive value for the identification of inpatient AF events. 22 Additionally, a trend was observed for the association between MAC progression and AF after excluding participants who did not have baseline MAC, as our analysis likely did not have the power to detect a statistically significant result. Furthermore, we included several potential confounders in our multivariable models that likely influenced the development of AF, but we acknowledge that residual confounding remains a possibility. For example, data on left atrial size were not collected and we were unable to incorporate this into our models.
In conclusion, the findings of this analysis suggest that MAC progression is an important marker of AF risk. MAC progression likely detects persons who have the necessary substrate for AF development. Further studies are needed to explore the utility of detecting MAC by cardiac CT, and its ability to reduce the occurrence of AF.
